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We have investigated the magnetic correlations in the candidate Weyl semimetals EuCd2Pn2
(Pn=As, Sb) by resonant elastic X-ray scattering (REXS) at the Eu2+ M5 edge. The temperature
and field dependence of the diffuse scattering of EuCd2As2 provide direct evidence that the Eu
moments exhibit slow ferromagnetic correlations well above the Ne´el temperature. By contrast,
the diffuse scattering in the paramagnetic phase of isostructural EuCd2Sb2 is at least an order of
magnitude weaker. The FM correlations present in the paramagnetic phase of EuCd2As2 could
create short-lived Weyl nodes.
PACS numbers: 75.25.-j, 78.70.Ck, 71.15.Mb, 71.20.-b
One of the major themes in solid-state physics is the
realisation of exotic types of relativistic electrons which
travel at speeds much slower than the speed of light.
These electrons, which mimic the behaviour of Weyl
fermions, live in crystalline solids with very specific crys-
tal structures and symmetry properties. In particular,
there is a requirement for broken time-reversal symmetry
or broken inversion symmetry, or a specific combination
of the two [1–5]. The features in these Weyl semimet-
als (WSMs) which give rise to the exotic quasiparticles
are the topologically-protected electronic band crossings
called Weyl nodes. These come in pairs and have a defi-
nite chirality.
Following the initial discovery of Weyl nodes in the
TaAs structural family [6–13], a wealth of other materi-
als have been suggested to host Weyl fermions [14–25].
However, some of these WSMs contain many pairs of
Weyl nodes in the Brillouin zone, not always close to the
Fermi level, making it is difficult to distinguish the con-
tributions from individual nodes [14–25]. Other WSMs
have trivial (non-topological) bands crossing the Fermi
energy which can obscure the topological effects arising
from the Weyl nodes [16–25].
There now a strong impetus to find new WSMs with a
single pair of Weyl nodes (the minimum number permit-
ted by symmetry [2]) located close to the Fermi energy in
an energy window not cluttered with other bands. Such
a system would serve as a test bed for fundamental stud-
ies of Weyl physics. This desire for an ideal WSM has
been expressed in the concluding chapters of several key
review articles [1–4].
Recently, it was predicted that an ideal WSM phase
could be realised in EuCd2As2 [26–28]. The single pair
of Weyl nodes lie along the A–Γ–A high-symmetry line
in the hexagonal Brillouin zone [Fig. 1(b)]. This finding
has stimulated investigations into various physical prop-
erties of EuCd2As2, including anomalous conductance
scaling [29], topological magnetotorsional effect [30],
Weyl-superconductor phase [31], quantum anomalous
Hall effect [32], axial anomaly generation [33], and non-
reciprocal thermal radiation [34]. The WSM state arises
in EuCd2As2 when the Eu moments are ferromagneti-
cally (FM) aligned along the crystal c axis. In zero field,
EuCd2As2 displays A-type anti-ferromagnetic (AFM)
order below the Ne´el temperature (TAsN ' 9.5 K) with
Eu moments lying in the ab plane. A small coercive field
of Hc ' 2 T applied along the c axis is sufficient to fully
align the moments and create the WSM phase [28]. The
Weyl nodes are created by exchange splitting of the con-
duction bands by magnetic coupling to the localised Eu
4f states.
Although an external magnetic field is required to in-
duce the ideal WSM state in EuCd2As2, Ma et al. have
proposed that spontaneous Weyl nodes can be detected
in the paramagnetic (PM) phase of EuCd2As2 without
an applied field [27]. In this scenario, the Weyl nodes are
induced by slow ferromagnetic (FM) correlations which
are suggested to exist just above TAsN . However, the µSR
technique employed in Ref. [27] to demonstrate the pres-
ence of cooperative spin fluctuations in the PM phase
cannot distinguish between AFM and FM correlations,
and only the latter can lift the two-fold degeneracy of
the electronic bands necessary to create the Weyl nodes.
Given that AFM and FM correlations in EuCd2As2
have different characteristic wavevectors, the resonant
elastic X-ray scattering (REXS) technique, which is
wavevector-sensitive, offers a very direct way to sepa-
rate the two types of correlation. The experiment can
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2be done in practice by studying the diffraction signals at
kAFM = (00
1
2 ) and kFM = (001), see Fig. 1(c). Any dif-
fuse scattering which is peaked at kFM would signify FM
correlations. REXS is preferred over the more traditional
technique of neutron diffraction because of the presence
of the strongly neutron-absorbing elements Cd and Eu.
Here we use REXS to demonstrate decisively that FM
correlations are present in the PM phase of EuCd2As2,
in spite of the occurrence of AFM long-range order below
TAsN . We find that the diffuse magnetic scattering in the
PM phase of EuCd2As2 is at least an order of magnitude
larger than that in isostructural EuCd2Sb2.
Single-crystalline EuCd2As2 and EuCd2Sb2 were
grown by self-flux and chemical vapor transport methods,
respectively, as described in Refs. [35] and [36]. Com-
prehensive magnetization, magneto-transport and labo-
ratory X-ray diffraction characterization of our samples
has been reported in Refs. [28, 36, 37] and are fully con-
sistent with other reports on EuCd2Pn2 [27, 35, 38–42].
For later reference we show in Figs. 1(d) and (e) the
temperature dependence of the longitudinal in-plane re-
sistivity (ρxx) of EuCd2As2 and EuCd2Sb2, measured on
a 14 T Physical Property Measurement System (Quan-
tum Design) with the external magnetic field applied
along the crystal c axis. The ρxx of EuCd2As2 displays
a sharp peak at TAsN which is fully suppressed in an ap-
plied field of 5 T [Fig. 1(d)]. In contrast, such a dramatic
resistivity peak is absent in EuCd2Sb2, and only a small
drop in ρxx at T
Sb
N is observed [Fig. 1(e)].
FIG. 1. (a) The unit cell of EuCd2Pn2 (Pn = As, Sb) can
be described by the P 3¯m1 space group. (b) In EuCd2As2 the
single pair of Weyl nodes, induced by magnetic exchange in
a c-axis magnetic field, lie along the A − Γ − A high sym-
metry line in the hexagonal Brillouin zone. (c) The REXS
measurements were performed along Γ−A, which is the (00l)
direction in reciprocal space. (d) The in-plane resistivity peak
of EuCd2As2 at T
As
N is fully suppressed in a field of 5 T. (e)
On the other hand, isostructural EuCd2Sb2 only displays a
drop in ρxx below T
Sb
N .
REXS was performed on the UE46-PGM1 beamline
(BESSY II, Berlin) in the horizontal scattering geome-
try [43]. To enhance the magnetic X-ray scattering from
the Eu ions, the incident soft X-ray photon energy was
tuned to the Eu M5 edge at ~ω ' 1.1284 keV (wavelength
λ = 10.987A˚) by a plane grating monochromator. Both
crystals were mounted with the a- and c-axes in the hor-
izontal scattering plane, and measurements were concen-
trated along the (00l) line in reciprocal space. By good
fortune, the c-axis lattice parameters of cAs = 7.29 A˚ and
cSb = 7.71 A˚ make the scattering angles for the 001 re-
flections close to 90◦ (2θAs = 97.8◦ and 2θSb = 90.8◦), so
we can suppress the Thomson scattering intensity of the
strong 001 structural Bragg reflection by using photons
with pi incident polarization.
We performed (00l) scans of the REXS intensity in
the range 0.3 ≤ l ≤ 1.2, which includes the AFM peak at
(00 12 ) and any diffuse magnetic scattering in the vicinity
of the structural charge peak at (001). These zero-field
measurements were performed at various temperatures
up to T = 20 K in the XUV diffractometer. Fixed-l tem-
perature dependent measurements of the scattered X-ray
intensity were also made at l = 12 and l = 0.95.
Subsequently, the EuCd2As2 sample was transferred
to the high-field diffractometer, where fixed-field tem-
perature dependent ω scans at (00l) positions with l =
0.943 and l = 1 were performed at various applied field
strengths up to µ0H = 0.5 T. Here, the ω scans are per-
formed by rotating the crystal about an axis perpendic-
ular to the (h0l) scattering plane.
Figures 2(a) and (b) plot (on a log scale) the zero-
field measurements of the scattered X-ray intensity for Q
along (00l), at various temperatures. Both compounds
exhibit a strong sharp peak centred on (00 12 ) at T < TN
due to AFM order, and a sharp structural peak at (001).
In addition, diffuse scattering is observed under the (001)
peak indicating the presence of FM correlations. The dif-
fuse scattering is present for both compounds, but with
three important differences. First, at the lowest temper-
ature, T ' 4 K, the diffuse scattering from EuCd2As2
is at least one order of magnitude larger than that from
EuCd2Sb2. Second, the shape of the diffuse scattering
is different, with prominent shoulders either side of the
(001) peak in EuCd2As2. Third, and most importantly,
in EuCd2As2 the diffuse scattering persists to tempera-
tures above TN, whereas in EuCd2Sb2 it does not.
To further exemplify the salient features of the anti-
ferromagnetic and the diffuse magnetic scattering, we
plot the temperature dependence of the scattered X-ray
intensity at l = 12 and l = 0.95 in Figs. 2(c) and (d) for
EuCd2As2, and Figs. 2(e) and (f) for EuCd2Sb2. The
onset of the AFM reflection is observed at Q = (00 12 )
below TAsN = 9.4 K for EuCd2As2 in Fig. 2(c) and T
Sb
N
= 7.4 K for EuCd2Sb2 in Fig. 2(e). These Ne´el temper-
atures are consistent with earlier REXS studies [36, 37].
The shaded area in Fig. 2(d) emphasizes that the REXS
3FIG. 2. (a) and (b) shows the temperature dependence of the REXS intensity with scattering vector Q along (00l) in the
range 0.3 ≤ l ≤ 1.2 for EuCd2As2 and EuCd2Sb2, respectively. Cuts at l = 12 and l = 0.95 are shown in (c) and (d) for
EuCd2As2, and (e) and (f) for EuCd2Sb2. The shaded areas in (a), (b), (d) and (f) denote the changes in the scattered X-ray
intensity between TPnN and 20 K. (a) and (d) shows a development of a strong diffuse peak around the (001) structural peak in
EuCd2As2 even before the onset of magnetic order at the (00
1
2
) AFM magnetic peak in (c). (b), (e) and (f) demonstrate that
such a broad diffuse intensity is not present in EuCd2Sb2.
diffuse intensity for EuCd2As2 extends up to at ∼20 K,
well above TAsN . In contrast, the diffuse scattering from
EuCd2Sb2 above T
Sb
N is at least an order of magnitude
weaker [Fig. 2(f)].
The build-up of diffuse scattering around (001) ob-
served in EuCd2As2 below ∼20 K coincides with the on-
set of the ρxx peak at ∼20 K, see Fig. 1(d). This sug-
gests that the increase in resistivity in the PM phase of
EuCd2As2 on cooling towards T
As
N can be attributed to
charge carrier scattering from slow FM fluctuations of
the Eu moments. This interpretation is also consistent
with the magneto-resistive behaviour, Fig. 1(d), which
shows that the ρxx peak in EuCd2As2 can be fully sup-
pressed in an applied magnetic field of ∼1 T. The effect
of the applied field is to fully align the Eu moments, re-
ducing the contribution to the resistivity from FM fluc-
tuations. In comparison, the ρxx resistivity peak and
magneto-resistive effect are much smaller in EuCd2Sb2
[Fig. 1(e)], and the diffuse scattering signal around (001)
is much weaker.
To augment the diffuse scattering data for EuCd2As2
shown in Fig. 2, we present in Fig. 3 measurements of
the temperature dependence of the REXS integrated in-
tensity at two positions along (00l) in applied magnetic
fields up to 0.5 T. The field was aligned along the scat-
tered beam direction kf , which was at an angle of ap-
proximately 45◦ to the c axis of EuCd2As2 [44].
Fig. 3(a) plots the temperature dependence of the
REXS intensity of the 001 reflection. Upon cooling, we
observe a monotonic increase of intensity with field and
an almost temperature-independent plateau of intensity
below TAsN . This behaviour is consistent with Eu spins
canting towards the applied field direction, adding a mag-
netic component to the structural (001) peak.
The diffuse scattered intensity at (00l) with l = 0.943
is shown in Fig. 3(b). At this wavevector the scattering
angle is 2θ = 90◦, so we expect purely magnetic contribu-
tions to the measured REXS intensity. For temperatures
above ∼13 K the intensity is enhanced by the field, but
below ∼13 K it is suppressed by the field. The T > 13 K
behavior is consistent with an enhancement of FM corre-
lations due to the field, while the crossover in behavior for
T < 13 K could be because as the temperature decreases
the effectiveness of the field to induce a FM moment in-
creases, and so at low temperatures there is a greater
transfer of intensity from the diffuse signal to the FM
Bragg peak with field than at higher temperatures.
Based on the temperature and field dependence of the
4FIG. 3. Temperature dependence of the REXS intensity from EuCd2As2 for various field strengths at (00l) positions with (a)
l = 1, and (b) l = 0.943 . Peaks were measured in ω-scans through (00l), and the integrated intensity of the peaks is plotted.
REXS measurements reported here, we find that cooper-
ative magnetic fluctuations develop in EuCd2As2 below
T ' 20 K and that they are related to the resistivity
anomaly. Crucially, we have unambiguously shown that
these magnetic fluctuations are associated with FM and
not AFM correlations. If the FM correlations have a sig-
nificant c-axis component then they could induce short-
lived Weyl nodes which fluctuate along the Γ–A line in
the hexagonal Brillouin zone [see Fig. 1(b)], as proposed
by Ma et al. [27].
In zero field, the FM diffuse scattering is still present
below TN, both for EuCd2As2 and EuCd2Sb2. This may
be due to c-axis stacking faults in the A-type AFM struc-
ture exhibited by both materials. As the Eu spins lie in
the ab plane in the AFM phase [37], it is not expected
that the FM correlations present at T < TN would induce
Weyl nodes. Diffuse scattering experiments that are sen-
sitive to the direction of the spins would be needed to
confirm this supposition.
It has recently been reported that slightly off-
stoichiometric single crystals of EuCd2As2 exhibit FM
order below TC ' 26 K, with the Eu spins lying in the ab
plane [41]. This finding, together with our observation
of FM correlations in a sample which eventually devel-
ops AFM order, suggests that the magnetic propagation
along the c axis in EuCd2As2 is delicately poised between
FM and AFM order.
Given that the two isostructural compounds studied
in this work have very similar magnetic ordering and
lattice parameters, it is striking that they present such
a significant difference in the diffuse REXS intensities
above TN. We envisage that future work to determine the
strength of the magnetic couplings between Eu moments
could shed light on the origin of this disparity. The in-
plane and inter-plane magnetic interactions could be ob-
tained from the spin-wave spectrum measured by inelas-
tic neutron scattering on samples containing isotopically-
enriched europium and cadmium to reduce the the strong
neutron absorption of the 151Eu and 113Cd isotopes.
Finally, it is also instructive to consider other magnetic
topological semimetals where magnetic fluctuations are
predicted to significantly influence the topological fea-
tures of the electronic bands near EF. Like EuCd2Pn2,
these related compounds also exhibit a rich interplay be-
tween magnetism and the topological charge carriers. For
instance, the theoretical studies in Refs. [45, 46] have
recently suggested that the magnetic fluctuations away
from the fully ordered AFM configuration of Mn mo-
ments in the CuMnAs and CuMnP could open up an
energy gap at the Dirac nodes, which are otherwise pro-
tected by the combination of the time-reversal and inver-
sion symmetries. Similarly, the large longitudinal resis-
tivity peak close to the Eu magnetic ordering tempera-
ture of the 112 pnictides EuMnSb2 and EuMnBi2 [20, 47–
51], may point to the presence of FM fluctuations which
could induce a WSM phase in the square Sb and Bi pnic-
tide layers, respectively. Studies of the magnetic fluctua-
tions in these and other compounds by diffuse scattering
techniques like that presented in this work could advance
our understanding of the role that magnetic fluctuations
play in the topology of the bands in the wider family of
magnetic topological semimetals.
To summarise, in this diffraction study we used X-rays
tuned to the Eu M5 absorption edge to reveal diffuse
magnetic scattering in EuCd2Pn2 (Pn =As, Sb). The
data show conclusively that ferromagnetic correlations
are present both above and below the antiferromagnetic
ordering temperature in EuCd2As2, but only below the
5ordering temperature in EuCd2Sb2. The FM correlations
in the paramagnetic phase of EuCd2As2 could induce
a transient WSM state above TN, consistent with the
results of ARPES measurements [27].
We thank HZB for the allocation of synchrotron ra-
diation beamtime. This work was supported by the
U.K. Engineering and Physical Sciences Research Coun-
cil (Grant Nos. EP/N034872/1 and EP/M020517/1), the
National Natural Science Foundation of China (Grant
No. 11874264), the starting grant of ShanghaiTech Uni-
versity, the Chinese National Key Research and Devel-
opment Program (Grant No. 2017YFA0302901), the
Strategic Priority Research Program (B) of the Chinese
Academy of Sciences (Grant No. XDB33000000) and
the EU Framework Programme for Research and Innova-
tion HORIZON2020 (CALIPSOplus; Grant Agreement
730872). J.-R. Soh acknowledges support from the Sin-
gapore National Science Scholarship, Agency for Science
Technology and Research.
∗ andrew.boothroyd@physics.ox.ac.uk
[1] M. Z. Hasan, S.-Y. Xu, I. Belopolski, and S.-M. Huang,
Ann. Rev. Condens. Matter Phys. 8, 289 (2017).
[2] N. P. Armitage, E. J. Mele, and A. Vishwanath, Rev.
Mod. Phys. 90, 015001 (2018).
[3] A. A. Burkov, Ann. Rev. Condens. Matter Phys. 9, 359
(2018).
[4] B. Yan and C. Felser, Ann. Rev. Condens. Matter Phys.
8, 337 (2017).
[5] A. A. Burkov, Nat. Mater. 15, 1145 (2016).
[6] L. X. Yang, Z. K. Liu, Y. Sun, H. Peng, H. F. Yang,
T. Zhang, B. Zhou, Y. Zhang, Y. F. Guo, M. Rahn,
D. Prabhakaran, Z. Hussain, S.-K. Mo, C. Felser, B. Yan,
and Y. L. Chen, Nat. Phys. 11, 728 (2015).
[7] S.-Y. Xu, I. Belopolski, N. Alidoust, M. Neupane,
G. Bian, C. Zhang, R. Sankar, G. Chang, Z. Yuan, C.-
C. Lee, S.-M. Huang, H. Zheng, J. Ma, D. S. Sanchez,
B. Wang, A. Bansil, F. Chou, P. P. Shibayev, H. Lin,
S. Jia, and M. Z. Hasan, Sci. 349, 613 (2015).
[8] B. Q. Lv, N. Xu, H. M. Weng, J. Z. Ma, P. Richard, X. C.
Huang, L. X. Zhao, G. F. Chen, C. E. Matt, F. Bisti,
V. N. Strocov, J. Mesot, Z. Fang, X. Dai, T. Qian, and
M. S. . H. Ding, Nat. Phys. 11, 724 (2015).
[9] F. Arnold, M. Naumann, S.-C. Wu, Y. Sun, M. Schmidt,
H. Borrmann, C. Felser, B. Yan, and E. Hassinger, Phys.
Rev. Lett. 117, 146401 (2016).
[10] I. Belopolski, S.-Y. Xu, D. Sanchez, G. Chang, C. Guo,
M. Neupane, H. Zheng, C.-C. Lee, S.-M. Huang, G. Bian,
N. Alidoust, T.-R. Chang, B. Wang, X. Zhang, A. Ban-
sil, H.-T. Jeng, H. Lin, S. Jia, and M. Z. Hasan,
arXiv:1509.07465.
[11] S.-Y. Xu, N. Alidoust, I. Belopolski, Z. Yuan, G. Bian,
T.-R. Chang, H. Zheng, V. N. Strocov, D. S. Sanchez,
G. Chang, C. Zhang, D. Mou, Y. Wu, L. Huang, C.-
C. Lee, S.-M. Huang, B. Wang, A. Bansil, H.-T. Jeng,
T. Neupert, A. Kaminski, H. Lin, S. Jia, and M. Z.
Hasan, Nat. Phys. 11, 748 (2015).
[12] S.-Y. Xu, I. Belopolski, D. S. Sanchez, C. Zhang,
G. Chang, C. Guo, G. Bian, Z. Yuan, H. Lu, T.-R.
Chang, P. P. Shibayev, M. L. Prokopovych, N. Alidoust,
H. Zheng, C.-C. Lee, S.-M. Huang, R. Sankar, F. Chou,
C.-H. Hsu, H.-T. Jeng, A. Bansil, T. Neupert, V. N. Stro-
cov, H. Lin, S. Jia, and M. Z. Hasan, 1, e1501092 (2015).
[13] X. Huang, L. Zhao, Y. Long, P. Wang, D. Chen, Z. Yang,
H. Liang, M. Xue, H. Weng, Z. Fang, X. Dai, and
G. Chen, Phys. Rev. X 5, 031023 (2015).
[14] J. Ruan, S.-K. Jian, D. Zhang, H. Yao, H. Zhang, S.-
C. Zhang, and D. Xing, Phys. Rev. Lett. 116, 226801
(2016).
[15] J. Ruan, S.-K. Jian, H. Yao, H. Zhang, S.-C. Zhang, and
D. Xing, Nat. Comms. 7, 11136 (2016).
[16] H. Yang, Y. Sun, Y. Zhang, W.-J. Shi, S. S. P. Parkin,
and B. Yan, New J. Phys. 19, 015008 (2017).
[17] X. Wan, A. M. Turner, A. Vishwanath, and S. Y.
Savrasov, Phys. Rev. B 83, 205101 (2011).
[18] G. Chang, B. Singh, S.-Y. Xu, G. Bian, S.-M. Huang,
C.-H. Hsu, I. Belopolski, N. Alidoust, D. S. Sanchez,
H. Zheng, H. Lu, X. Zhang, Y. Bian, T.-R. Chang, H.-T.
Jeng, A. Bansil, H. Hsu, S. Jia, T. Neupert, H. Lin, and
M. Z. Hasan, Phys. Rev. B 97, 041104 (2018).
[19] E. Liu, Y. Sun, N. Kumar, L. Muechler, A. Sun, L. Jiao,
S.-Y. Yang, D. Liu, A. Liang, Q. Xu, J. Kroder, V. S,
H. Borrmann, C. Shekhar, Z. Wang, C. Xi, W. Wang,
W. Schnelle, S. Wirth, Y. Chen, S. T. B. Goennenwein,
and C. Felser, Nat. Phys. 14, 1125 (2018).
[20] S. Borisenko, D. Evtushinsky, Q. Gibson, A. Yaresko,
K. Koepernik, T. Kim, M. Ali, J. van den Brink,
M. Hoesch, A. Fedorov, E. Haubold, Y. Kushnirenko,
I. Soldatov, R. Scha¨fer, and R. J. Cava, Nat. Comms
10, 3424 (2019).
[21] J. Y. Liu, J. Hu, Q. Zhang, D. Graf, H. B. Cao, S. M. A.
Radmanesh, D. J. Adams, Y. L. Zhu, G. F. Cheng,
X. Liu, W. A. Phelan, J. Wei, M. Jaime, F. Balakirev,
D. A. Tennant, J. F. DiTusa, I. Chiorescu, L. Spinu, and
Z. Q. Mao, Nat. Mat. 16, 905 (2017).
[22] T. Suzuki, R. Chisnell, A. Devarakonda, Y.-T. Liu,
W. Feng, D. Xiao, J. W. Lynn, and J. G. Checkelsky,
Nat. Phys. 12, 1119 (2016).
[23] T.-R. Chang, S.-Y. Xu, G. Chang, C.-C. Lee, S.-M.
Huang, B. Wang, G. Bian, H. Zheng, D. S. Sanchez,
I. Belopolski, N. Alidoust, M. Neupane, A. Bansil, H.-T.
Jeng, H. Lin, and M. Z. Hasan, Nat. Comms. 7, 10639
(2016).
[24] Z. Wang, D. Gresch, A. A. Soluyanov, W. Xie, S. Kush-
waha, X. Dai, M. Troyer, R. J. Cava, and B. A. Bernevig,
Phys. Rev. Lett. 117, 056805 (2016).
[25] Z. Wang, M. G. Vergniory, S. Kushwaha,
M. Hirschberger, E. V. Chulkov, A. Ernst, N. P.
Ong, R. J. Cava, and B. A. Bernevig, Phys. Rev. Lett.
117, 236401 (2016).
[26] L.-L. Wang, N. H. Jo, B. Kuthanazhi, Y. Wu, R. J. Mc-
Queeney, A. Kaminski, and P. C. Canfield, Phys. Rev.
B 99, 245147 (2019).
[27] J.-Z. Ma, S. M. Nie, C. J. Yi, J. Jandke, T. Shang,
M. Y. Yao, M. Naamneh, L. Q. Yan, Y. Sun, A. Chik-
ina, V. N. Strocov, M. Medarde, M. Song, Y.-M. Xiong,
G. Xu, W. Wulfhekel, J. Mesot, M. Reticcioli, C. Fran-
chini, C. Mudry, M. Mu¨ller, Y. G. Shi, T. Qian, H. Ding,
and M. Shi, Sci. Adv. 5, eaaw4718 (2019).
[28] J.-R. Soh, F. de Juan, M. G. Vergniory, N. B. M.
Schro¨ter, M. C. Rahn, D. Y. Yan, J. Jiang, M. Bristow,
P. A. Reiss, J. N. Blandy, Y. F. Guo, Y. G. Shi, T. K.
6Kim, A. McCollam, S. H. Simon, Y. Chen, A. I. Coldea,
and A. T. Boothroyd, Phys. Rev. B 100, 201102(R)
(2019).
[29] J. Behrends, R. Ilan, and J. H. Bardarson, Phys. Rev.
Research 1, 032028 (2019).
[30] L. Liang and T. Ojanen, arXiv 1912.07732 (2020).
[31] R. Nakai and K. Nomura, Phys. Rev. B 101, 094510
(2020).
[32] C. Niu, N. Mao, X. Hu, B. Huang, and Y. Dai, Phys.
Rev. B 99, 235119 (2019).
[33] J. D. Hannukainen, Y. Ferreiros, A. Cortijo, and J. H.
Bardarson, arXiv 1912.10501 (2020).
[34] B. Zhao, C. Guo, C. A. C. Garcia, P. Narang, and S. Fan,
Nano Lett. 20, 1923 (2020).
[35] I. Schellenberg, U. Pfannenschmidt, M. Eul, C. Schwick-
ert, and R. Po¨ttgen, Z. Anorg. Allg. Chem. 637, 1863
(2011).
[36] J.-R. Soh, C. Donnerer, K. M. Hughes, E. Schierle,
E. Weschke, D. Prabhakaran, and A. T. Boothroyd,
Phys. Rev. B 98, 064419 (2018).
[37] M. C. Rahn, J.-R. Soh, S. Francoual, L. S. I. Veiga,
J. Strempfer, J. Mardegan, D. Y. Yan, Y. F. Guo, Y. G.
Shi, and A. T. Boothroyd, Phys. Rev. B 97, 214422
(2018).
[38] H. Zhang, L. Fang, M. B. Tang, H. H. Chen, X. X. Yang,
X. Guo, J. T. Zhao, and Y. Grin, Intermetallics 18, 193
(2010).
[39] H. Su, B. Gong, W. Shi, H. Yang, H. Wang, W. Xia,
Z. Yu, P.-J. Guo, J. Wang, L. Ding, L. Xu, X. Li,
X. Wang, Z. Zou, N. Yu, Z. Zhu, Y. Chen, Z. Liu, K. Liu,
G. Li, and Y. Guo, APL Materials 8, 011109 (2020).
[40] H. P. Wang, D. S. Wu, Y. G. Shi, and N. L. Wang, Phys.
Rev. B 94, 045112 (2016).
[41] N. H. Jo, B. Kuthanazhi, Y. Wu, E. Timmons, T.-H.
Kim, L. Zhou, L.-L. Wang, B. G. Ueland, A. Palasyuk,
D. H. Ryan, R. J. McQueeney, K. Lee, B. Schrunk, A. A.
Burkov, R. Prozorov, S. L. Bud’ko, A. Kaminski, and
P. C. Canfield, Phys. Rev. B 101, 140402(R) (2020).
[42] J. Ma, H. Wang, S. Nie, C. Yi, Y. Xu, H. Li, J. Jandke,
W. Wulfhekel, Y. Huang, D. West, P. Richard, A. Chik-
ina, V. N. Strocov, J. Mesot, H. Weng, S. Zhang, Y. Shi,
T. Qian, M. Shi, and H. Ding, Advanced Materials 32,
1907565 (2020).
[43] U. Englisch, H. Rossner, H. Maletta, J. Bahrdt, S. Sasaki,
F. Senf, K. Sawhney, and W. Gudat, Nucl. Instrum.
Methods Phys. Res. Sec. A: Accelerators, Spectrome-
ters, Detectors and Associated Equipment 467-468, 541
(2001).
[44] This field orientation was constrained by the limited scat-
tering geometry permitted by the magnet.
[45] J. Zou, Z. He, and G. Xu, Comput. Mater. 5, 96 (2019).
[46] P. Tang, Q. Zhou, G. Xu, and S.-C. Zhang, Nat. Phys.
12, 1100 (2016).
[47] J.-R. Soh, P. Manuel, N. M. B. Schro¨ter, C. J. Yi, F. Or-
landi, Y. G. Shi, D. Prabhakaran, and A. T. Boothroyd,
Phys. Rev. B 100, 174406 (2019).
[48] C. Yi, S. Yang, M. Yang, L. Wang, Y. Matsushita,
S. Miao, Y. Jiao, J. Cheng, Y. Li, K. Yamaura, Y. Shi,
and J. Luo, Phys. Rev. B 96, 205103 (2017).
[49] H. Masuda, H. Sakai, M. Tokunaga, M. Ochi, H. Taka-
hashi, K. Akiba, A. Miyake, K. Kuroki, Y. Tokura, and
S. Ishiwata, Phys. Rev. B 98, 161108 (2018).
[50] A. F. May, M. A. McGuire, and B. C. Sales, Phys. Rev.
B 90, 075109 (2014).
[51] H. Masuda, H. Sakai, M. Tokunaga, Y. Yamasaki,
A. Miyake, J. Shiogai, S. Nakamura, S. Awaji,
A. Tsukazaki, H. Nakao, Y. Murakami, T.-h. Arima,
Y. Tokura, and S. Ishiwata, Sci. Adv. 2, e1501117 (2016).
